The hypothesis put forth is that expectations of treatment effects reduce negative emotions and thereby reduce symptoms, e.g. pain. Negative emotions increase pain, and it is hypothesized that placebos reduce pain by reducing negative emotions, i.e. feelings of nervousness, fear and anxiety. Placebo analgesia has been shown to be mediated via opioid activity, and relaxation increases opioid activity. The placebo acquires its relaxing effect due to verbal information that pain will be reduced, or due to associations between the placebo and the reduction in pain after effective treatment. Thus, the placebo signals that unpleasantness will be less after administration of the placebo. This involves negative reinforcement which is due to activation of a dopaminergic system that has been found to be activated during placebo analgesia and is involved in positive emotions. The nocebo effect of increased pain is, consistent with this model, because of increased fear and anxiety. The new aspect of the presented model is the hypothesis that expectations reduce negative emotions, and that negative reinforcement that involves the dopaminergic reinforcement system should be a contributor to placebo responses.
INTRODUCTION
An individual experiencing pain may self-administer acetaminophen or ibuprofen, or may receive a dose of morphine from health personnel. In both instances, effective treatment is administered, and at the same time an expectation is generated that the pain will be reduced [1] . Experimental studies have shown that administration of inactive treatment, e.g. sugar pills, inactive cream, inactive devices and inactive sham surgery, may reduce pain as long as the participant believes that the treatment is effective [2, 3] . Thus, information that a painkiller has been administered induces an expectation that pain will be reduced, with a subsequent reduction in pain. This is termed placebo analgesia. Some of the psychophysiological mechanisms that mediate the effect of expectations on pain have been identified, and in the following a hypothesis is put forth that seeks to complement this knowledge.
It is argued that expectations reduce pain via a reduction in negative emotions. Pain is a sensation, but is often highly correlated with negative emotions like fear and anxiety. This is reflected in the neuroanatomy of pain where the pain pathways reach cerebral areas serving both sensory/cognitive and emotional/ motivational functions. Thus, emotional activation is part of the response to pain. In the following, a hypothesis is presented that describes how expectations may change emotions during anticipation of pain. There are different placebo responses in different diseases, and even different placebo responses in the expectation of treatment for pain [3] . However, modulation of emotional processes may be a common factor in many placebo responses.
THEORETICAL BACKGROUND
A systematic description and review of the literature discussing the role of emotions in placebo responding have, to our knowledge, not been published. However, several authors have related reduced anxiety or stress to increased placebo responding [1,4 -7] . The general idea is that placebos reduce anxiety or other negative emotions, and thereby reduce symptoms.
The argument put forth here is that the placebo reduces negative emotions which in turn decrease pain. The inert placebo modulates emotions via verbal information that pain-relieving treatment has been administered, or via associations with the beneficial effects of a drug or other treatment. The administration of the placebo has two effects: it reduces negative emotions (or induces a positive emotional state), and maintains self-administration via reinforcement of drug-taking behaviour. The model proposes that the placebo response involves modulation of emotional processes, and that this is a common component in many placebo responses. Emotional modulation is of a general nature and implies that the placebo response involves unspecific processes. Finally, the model is mechanistic in the sense that the placebo response is seen as an emotional reaction to signals that an unpleasant state is being remedied. The two new aspects of the model are that emotional processes and the associated neurobiological changes are seen as mediators of placebo analgesia. Furthermore, it is argued that operant reinforcement is involved in the reduction of negative emotions (or induction of positive emotions). To describe the model in more detail, pain will be used as an example, as the field of placebo analgesia has received a large amount of research and more is known about its psychology and neurobiology compared with placebo responding in other response systems.
PAIN
The intensity of pain is often measured by a visual analogue scale consisting of a 10 cm line anchored with the words 'no pain' and 'worst pain imaginable'. Alternatively, pain can be indicated by having the subject state vocally a number between 0 and 10, indicating the intensity of pain. The unpleasantness of pain is recorded in the same way.
The reliability in the reporting of pain has been brought into question by findings that the social context may modulate pain report (and reports of other subjective states). Aslaksen et al. [8] found that males reported less pain and stress to female experimenters compared with males who reported pain and stress to male experimenters. However, heart rate variability during the painful stimuli was the same in males tested by female and male experimenters, suggesting that the pain was the same in both groups, and that only the reporting was modulated by the social context. This response bias is a serious problem for the reliability of subjective report, and needs to be considered when recording pain. Especially in the field of placebo analgesia, where response bias has been put forth as an explanation for the reduced pain report after administration of a placebo [9, 10] , the use of objective methods is especially important, and such methods are being increasingly used [11] [12] [13] .
Pain has several dimensions [14] . The sensorydiscriminative dimension is served by lateral nuclei in the thalamus that project to the primary and secondary somatosensory cortices. This dimension is related to pain intensity. The affective-motivational dimension is served by medial nuclei in the thalamus, and projects to the insula and the anterior cingulate cortex. This dimension is related to pain unpleasantness. Pain intensity and unpleasantness are often highly correlated in experimental studies.
EMOTIONS
Two of the basic dimensions of emotions are valence and arousal. Valence describes whether the emotion is good or bad, appetitive or aversive, and different emotions can be classified along this one axis. Emotional valence may be induced by videos or photos depicting situations with emotional content, and is often registered on a five-or seven-point scale, where lower scores indicate more negative emotions.
Another important dimension is the continuum from low to high arousal, which represents the intensity of an emotion. An emotion with negative valence, e.g. fear, may thus be described as nervousness, fear or panic depending on the level of arousal. The continua of valence and arousal are not independent, as there is a tendency for very negative or very positive emotions to be associated with high arousal [15] .
Fear and anxiety are the emotions that have received most research in the field of pain. The anticipation of pain or pain itself can induce these emotions. In the present context, negative emotions will often mean these two emotions. The concept of stress is often used to describe a state of negative emotional activation that persists over time. Stress has been linked to a number of different health-related problems, including pain. Pain increases stress, but stress, i.e. negative emotional activation, may also increase pain. There is considerable overlap between the concepts of negative emotions and stress, and they are often used interchangeably, e.g. questionnaires asking for how nervous and tense a person is may describe this as stress [16] . Accordingly, no clear distinction is made between negative emotions and stress here.
THE EFFECT OF EMOTIONS ON PAIN
The literature on the effect of emotions on pain is not consistent, as it is necessary to control for other processes, e.g. attention to or away from the emotional stimulus, to assess how emotions may modulate pain. Most studies, but not all, have found that negative emotions increase pain, whereas positive emotions reduce pain [17] . Rhudy et al. [18] have shown in a series of experiments that negative emotional valence increases pain and positive emotions decrease pain (figure 1). Emotions have been induced by photos from the International Affective Picture System that have been presented for several seconds, and pain has been induced experimentally a few seconds after offset of the photos to control for the confounding effect of attention to the slides. Rhudy et al. [18] found that pain report, as well as the nociceptive flexion reflex and skin conductance responses, decreased as a function of increasing positive emotional valence. Thus, not only subjective report, but also physiological pain responses displayed the same trend towards reduced pain in the presence of positive emotions. The effect is not large, but is reliable.
The relationship between pain and emotional valence suggests that arousal could play a role, as highly positive and negative emotions are associated with larger arousal. At the high end of arousal and valence, in the case of severe stress, pain is reduced, called stress-induced analgesia. Flor & Grusser [19] have shown that conditioned stress, induced by presenting a conditioned stimulus that has been paired with a difficult task and a distracter, can reduce pain via opioid mechanisms. Thus, the linear relationship of emotional valence and/ or arousal to pain holds only for positive emotions and moderately intense negative emotions. When levels of stress are high, stress-induced analgesia reverses the incremental effect that negative emotions have on pain.
THE NEUROBIOLOGY OF EMOTIONAL MODULATION OF PAIN
Studies using neuroimaging techniques have suggested that the cerebral representation of pain involves two parallel subsystems; the lateral system processing sensory-discriminative information and the medial system that process the affective-cognitive component of pain [20] . The lateral system projects sensory information to the primary and secondary somatosensory cortices via the lateral nuclei of the thalamus. The medial system projects through the medial thalamic nuclei to the anterior cingulate cortex, insula and the prefrontal cortices [21, 22] . Consequently, the medial pain system should be central in the emotional modulation of pain. Even if cortical pain pathways are well explored, there are surprisingly few neuroimaging studies that directly address the influence of emotions on pain. Studies employing functional magnetic resonance imaging have revealed that the entorhinal cortex of the left hippocampal formation, the perigenual cingulate cortex and the mid-insula show increased activity when painful stimulation was administered after induction of negative emotions [23] , and these regions amplify pain experience in chronic pain patients with depression [24, 25] . Trait-like individual differences in pain-related fear might also have an impact on neural processing of pain. Ochsner et al. [26] found that subjects with high scores on the Fear of Pain Questionnaire displayed increased activity in the anterior and the posterior cingulate cortex and in the orbitofrontal cortex during painful stimulation compared with non-painful stimulation.
SIMILARITIES BETWEEN THE REDUCTION OF STRESS AND NEGATIVE EMOTIONS, AND PLACEBO ANALGESIA
Stress and negative emotions are general processes and involve many neurobiological changes that have been reviewed elsewhere [27] . In the present context, however, the finding that relaxation training is mediated via opioid mechanisms is of special importance. McCubbin et al. [28] subjected one group of males with mildly elevated mean arterial blood pressure to relaxation training, whereas a control group did not receive training. The group that received relaxation training displayed decreased blood pressure reactivity to mental stress compared with the control group. Naltrexone, an opioid antagonist, antagonized the effect of relaxation training, showing that the effect of relaxation training was mediated by opioid mechanisms.
Increased opioid activity has been hypothesized to increase positive emotions and/or decrease negative emotions, as opioids have been implicated in sex [29] , intake of food and addictive drugs [30] , and pain relief [31] , which all involve positive and negative emotions. In a study using positron emission tomography, Koepp et al. [32] induced positive emotions via a film clip, music and positive statements, and contrasted this with neutral emotions. They found reduced binding of a m-receptor agonist during positive emotions, indicating that positive emotions were associated with increased opioid activity.
Several studies have shown that placebo analgesic responding is also mediated via opioid release. Levine & Gordon [31] showed that an injection of the opioid antagonist naloxone partly reversed the placebo analgesic effect, and other studies have shown similar results [33, 34] . Brain-imaging studies have shown activity in the descending pain-inhibitory opioid system in the brain and in the spinal cord during placebo analgesia [35, 36] . These findings indicate that placebo analgesia is partly due to reduced pain transmission at the level of the spinal cord owing to opioid release.
Taken together, these findings suggest that opioid mechanisms are involved in the modulation of emotions, as well as in placebo analgesia.
REDUCTION IN PAIN AND STRESS, AND NEGATIVE REINFORCEMENT
Behaviour that has pleasant consequences will occur more frequently in the future, termed positive reinforcement [37] . The pleasant stimulus produced by the behaviour is called a 'reinforcer', and is any stimulus that the organism will behave in a way to obtain. Typical primary reinforcers are food, sex and drugs of abuse. Similarly, negative reinforcement occurs when an overt response removes or reduces an unpleasant stimulus, e.g. pain. In both instances, behaviour is reinforced meaning that it will occur more frequently in the future.
Behaviour may also be reinforced by money, the attention of others, praise or a 'thank you'. For these stimuli, their reinforcing effect is because of their association with a primary reinforcer, and they are termed 'conditioned reinforcers'. Money becomes a conditioned reinforcer as money is instrumental in obtaining primary reinforcers. Praise is also a conditioned reinforcer as it will occasionally be accompanied by a primary reinforcer, or another conditioned reinforcer like money or attention.
The initially neutral conditioned reinforcer comes to induce positive emotions because of its association with a primary reinforcer. Thus, money not only signals that food may be obtained, but money may also induce positive emotions, as money is associated with food and other appetitive stimuli. This is an obvious fact as long as money is used as an example, but the same model may be used to understand placebo effects.
PLACEBO RESPONDING AND NEGATIVE REINFORCEMENT
Pain is unpleasant and humans and other animals seek to avoid pain. A reduction in pain can be considered a negative reinforcer, and any act that reduces pain can be reinforced. Thus, when pain occurs, any act that previously has been associated with a reduction in pain is likely to be emitted [37] , e.g. self-administration of a painkiller.
The presence of pain, or presence of stimuli associated with pain, should increase the probability of occurrence of behaviour that has reduced pain in the past. Thus, selfadministration of painkillers will occur in the presence of pain, or to cues that pain is about to occur. A person who, for example, often suffers headaches in the evenings may ingest a painkiller earlier in the evening to avoid the pain. A person who is about to perform movements or tasks that cause pain may ingest a painkiller prior to performing the task to avoid the pain. Stimuli that heighten the probability of self-administration may be considered conditioned reinforcers, a stimulus that informs the individual that a response may be performed which avoids the unpleasant unconditioned stimulus. This is different from a conditioned stimulus that elicits physiological and subjective conditioned responses (CRs) which are independent from any overt behaviour.
Negative reinforcement describes the occurrence of behaviour that in the past has reduced pain, but a purely behavioural analysis cannot explain placebo analgesia, i.e. the experience of reduced pain. To explain placebo analgesia, the neurobiology of reinforcement must be taken into account, as it involves positive emotions (pleasure) that have been shown to reduce pain.
THE NEUROBIOLOGY OF REINFORCEMENT
The mechanism that most consistently has been found to underlie reinforcement is the mesolimbic system, which originates in the ventral tegmental area in the midbrain, and projects to forebrain areas involving especially the nucleus accumbens, a part of the basal ganglia. This area is activated by reinforcing stimuli, and dopamine is secreted in response to reinforcers like food and sex, cocaine, amphetamine, ethanol, nicotine and heroine. A number of other neurotransmitters or neuromodulators are also released in response to these reinforcers, but the common element among reinforcers is dopamine activation [38] . Human brain-imaging studies have also shown nucleus accumbens activation to a reinforcer [39] .
Many reinforcers also activate opioid mechanisms in the nucleus accumbens and the ventral tegmental area [30, 38] . Activation of opioid receptors in the ventral tegmental area increases dopamine secretion in the nucleus accumbens. Thus, blockade of opioid activity in the ventral tegmental area may block reinforcement.
Importantly, brain-imaging studies have shown that the nucleus accumbens is activated also in response to stimuli that signal primary reinforcers [40] , i.e. conditioned reinforcers. Thus, a stimulus with no inherent reinforcing properties may, via associations with a reinforcing stimulus, come to elicit dopaminergic activity and reinforce behaviour. Money is one example, as money has no inherent reinforcing properties, but still arouses the dopamine system.
SIMILARITIES BETWEEN THE NEUROBIOLOGY OF REINFORCEMENT AND THE NEUROBIOLOGY OF PLACEBO EFFECTS
Dopaminergic activity in the nucleus accumbens has been observed under placebo analgesia [41, 42] . Administration of treatment to a person in pain, with a resultant reduction in pain, can be considered negative reinforcement. The role of negative reinforcement is to increase the probability of taking medication in the future, and negative reinforcement is associated with dopamine release that increases positive emotions. Several authors have put forth the idea that placebo responding is because of a reduction in negative emotions [6, 43] , which implicates a role for negative reinforcement and the dopamine system in placebo responding. Negative reinforcement has been implicated as a mechanism for placebo analgesia [42] , but has not been subjected to systematic treatment and review.
Termination of unpleasant stimuli also increases dopaminergic activity, and behaviour that reduces or terminates unpleasant stimuli, for example pain, is reinforced [44] . Thus, it is hypothesized that ingesting a painkiller activates the mesolimbic reinforcement system, with a consequent increase in positive emotions.
Stimuli associated with reinforcement may also activate the mesolimbic dopaminergic system, as noted, even in the absence of unconditioned stimuli that unconditionally activate the system. Thus, conditioned reinforcers may increase dopamine secretion in the nucleus accumbens. The colour and shape of a tablet may be considered a conditioned reinforcer, as the tablet is associated with a negative reinforcer, i.e. reduction in pain. Thus, it can be hypothesized that ingestion of the tablet should elicit dopaminergic activation which in turn should increase feelings of pleasure and decrease negative emotions.
The proposed model thus works as follows: When pain occurs, or when a situation where pain has been experienced in the past occurs, negative emotions are induced. 
DO EMOTIONS MODULATE THE PLACEBO RESPONSE, OR DOES THE PLACEBO RESPONSE MODULATE EMOTIONS?
Aslaksen & Flaten [45] administered experimental heat pain at several points in time before and after administration of capsules containing corn starch with information that it was a powerful painkiller. A natural history control condition was also employed, where the same subjects received only the painful stimulation. Placebo analgesia was observed as significantly lower pain report when the subjects received information that they had been administered a painkiller. Interestingly, the reported stress was also reduced after placebo (figure 2), and reduced stress after placebo predicted the placebo analgesic response. Because of the long duration of the painful stimuli, heart rate variability could be computed. Heart rate variability indexes sympathetic and parasympathetic influences on the heart, and this measure mirrored the stress data and indicated lower sympathetic activation to painful stimulation after administration of a placebo. These data suggest that administration of a placebo reduces negative emotions, with a subsequent reduction in pain. However, measures of stress and heart rate variability were obtained during and not prior to painful stimulation, and it could not be ascertained whether reduced stress was a cause or a consequence of the placebo analgesic response of reduced pain. Reduced sympathetic response to painful stimulation after placebo administration was also seen by Pollo et al. [46] .
On the other hand, placebo analgesic responding has been observed in the absence of reduced stress, as assessed by cortisol, in Johansen et al. [47] . In Flaten et al. [7] , a placebo analgesic response was observed, but subjective stress and cortisol were not significantly reduced by the information that a powerful painkiller had been administered. Thus, placebo analgesia can be elicited without a concomitant decrease in stress. However, stress levels in Flaten et al. [7] were low prior to pain onset, which could explain that the information that a painkiller had been administered did not significantly reduce pain.
In order to assess the causal relation between emotions and placebo effects, emotions must be recorded in the absence of pain or other symptoms. A placebo analgesic response will be correlated with reduced negative emotions, when emotions are recorded during the painful stimulation as pain levels are decreased. However, the reduced pain is probably the reason for the reduction in negative emotions, and a design where emotions and pain are measured at the same time does not allow conclusions about causality.
Three studies have, to our knowledge, tested for emotional reactions, in the absence of pain, after a placebo manipulation. Aslaksen et al. [11] recorded stress and arousal in the absence of pain to observe whether stress was reduced by information that a painkiller was administered. Experimental heat pain was induced before, and at 10-15 and at 25-30 min after administration of a painkiller with information that it was a potent painkiller. Administration of the placebo reduced stress in both post-placebo measurements, and the reduced stress explained 17 and 26 per cent of the placebo analgesic response in the two tests, respectively.
Scott et al. [41] observed that administration of a placebo reduced pain, and also reduced negative affect and fear. Importantly, the reduction in negative affect and fear occurred after placebo administration but prior to pain administration, which shows that the reduction in negative emotions was not confounded with the reduction in pain. Thus, the placebo reduced negative emotions prior to and independent of the subsequent reduction in pain, suggesting a causal link between the two. Another interesting finding in Scott et al. [41] was that positive emotions tended to increase after administration of the placebo. It is not known whether the increase in positive emotions was because of the reduction in negative emotions (or vice versa) or whether the changes in negative and positive emotions were independent of each other.
Vase et al. [6] also recorded emotions in the absence of pain. They first presented phasic painful stimuli for 20 min, and after this first phase of study, expectations of pain levels, anxiety and desire for pain relief were recorded in the absence of painful stimuli. Thereafter, a second phase of phasic painful stimulation was in effect for about 20 min. They showed that the expected pain levels, desire for pain relief and anxiety accounted for 58 per cent of the placebo effect in the second phase of the experiment. However, a change in the expected pain was the only unique predictor of placebo analgesic responding.
In sum, these findings suggest that administration of a placebo may decrease stress and negative emotions that mediate the decrease in pain, i.e. placebo analgesia. The decrease in stress and negative emotions occur in the absence of reduced pain and prior to the recording of the placebo analgesic response, suggesting a causal connection from the reduced stress to the reduced pain, i.e. the placebo analgesic response.
INDIVIDUAL DIFFERENCES IN EMOTIONS: STATE AND TRAIT
The fact that emotions modulate pain may be linked to individual differences in placebo responding. The field of individual differences is problematic, especially for methodological reasons. Firstly, causal inference cannot be made on the observation of a correlation between placebo analgesic responding and a low or high score on a measure of emotion. Secondly, a placebo response must be observed in each individual in order for the response to be correlated to other variables. A within-subjects design where each participant takes part in the placebo and the natural history conditions must, therefore, be employed. This design may induce variability owing to the order of the conditions. The subjects are more nervous at the beginning of the first session, and pain may be higher in that session. This can interfere with the placebo response. Thus, the placebo response can be underestimated in subjects where the placebo session is run before the natural history session.
Only one study has looked at whether a trait measure of emotional responding can affect placebo analgesia. Lyby et al. [48] showed that increased fear of pain, a trait measure indexing how fearful an individual is for different forms of painful stimulation, abolished the placebo analgesic response. A placebo analgesic response was observed only in the participants with lower scores on the Fear of Pain Questionnaire. Moreover, individuals high in fear of pain also reacted with more anticipatory stress prior to the administration of painful stimulation, and reacted with increased pain. Taken together, these findings suggest that increased levels of stress or negative emotions reduce the placebo analgesic response.
EXPECTATIONS OF DRUG EFFECTS CAN MODULATE EMOTIONS
Several studies have shown that expectations about drug effects can modulate the arousal levels of the participants. Flaten [49] and Flaten et al. [50] told subjects that they received a drug that would increase or decrease alertness, and found that self-report and skin conductance responses behaved in accordance with the drug-related information. Subjects who were told they received a stimulant drug were found to have increased reported and autonomic arousal [50] , and subjects who were told that they received a relaxant drug showed decreased levels of arousal when compared with a control group [49] . Several other studies have also made the observation that verbal information can increase or decrease arousal levels [51, 52] .
Petrovic et al. [53] administered a benzodiazepine and observed that the anxiolytic reduced the rated unpleasantness of pictures presented to the subjects. Thereafter, in a second session, the subjects were given placebo but told that they received the same drug as in the first session. They observed a placebo response of reduced anxiety and reduced ratings of the negative emotions displayed in the pictures. Interestingly, the placebo reduced the processing of negative emotions in the brain, which parallels the findings of reduced processing in pain-related areas in the brain during placebo analgesia [12] .
Studies where no drug-related information has been provided and where stimuli that have been reliably paired with the stimulant caffeine have been presented have yielded the same results. Caffeine is a centrally acting stimulant that exerts its effect via antagonism of the inhibitory transmitter adenosine, thereby producing increased alertness and autonomic arousal. Flaten & Blumenthal [54] had caffeine-deprived subjects drink decaffeinated coffee that has no stimulating effect by itself. All the subjects were coffee drinkers, and the smell and taste of coffee had been paired hundreds and probably thousands of times with the stimulating effect of caffeine. Thus, the decaffeinated coffee was a conditioned stimulus, the presentation of which increased subjective and autonomic arousal.
Oken et al. [55] administered placebos to elderly subjects with information that they received a cognitive enhancer. This information increased performance on cognitive tests, and mostly so in subjects who had increased stress at the start of the session. Unfortunately, stress was not measured after administration of the capsules, and it is not known whether the placebo reduced stress, and whether stress mediated the effect of the placebo on cognitive performance.
These findings are evidence that expectations and/ or conditioned responses to drug effects may modulate general bodily arousal, which may be a central mechanism in placebo analgesia.
THE NOCEBO RESPONSE: NEGATIVE PLACEBO EFFECT OR SEPARATE PROCESS?
Expectations that a procedure will hurt, or information that a stimulus will be even more painful, have been found to increase pain [56] . In this case, the expectation that pain is about to occur or that pain will increase induces negative emotions like nervousness and fear, which increases pain. This is a logical extension of the hypothesis that placebo effects are due to reduced negative emotions. The nocebo is not specific to the information provided, but is dependent on the anxiety-inducing content of the information, the same way that placebo effects are hypothesized to be dependent on the anxiety-reducing content of the information.
Information that a substance or a procedure increases pain has been found to increase stress as measured by cortisol secretion [47] (figure 3). In the study by Johansen et al. [47] , the pain levels were already at seven when the stress-inducing information was provided, and a further increase in pain was not observed. However, other studies have shown that induction of fear or anxiety increases pain. Schweiger & Parducci [57] told healthy subjects that an electrical current was being passed through their heads, while no stimulation was administered, and found that most subjects responded with feelings of pain. A note of caution is in place here, however, as studies on the nocebo effect have not, to our knowledge, recorded the expectations of the subjects. The studies have assumed that information that a certain procedure will increase pain have generated the corresponding expectation.
Benedetti et al. [58] showed that administration of proglumide, a cholecystokinin antagonist, cancelled the nocebo response of increased pain. Cholecystokinin is an anti-opioid peptide that induces subjective and physiological stress [59, 60] , and thereby increases pain. Interestingly, administration of proglumide also enhanced the placebo analgesic response. In sum, a reduction in stress enhanced placebo analgesia. An experimental situation where pain is induced is Emotions and placebo responses M. A. Flaten et al. 1823 stressful to the participants, and by reducing some of the stress a beneficial effect on pain is obtained. It is not clear whether administration of proglumide increased positive feelings, via indirect effects on the endogenous opioid system, or whether proglumide decreased negative feelings, via its effect on cholecystokinin. However, a process of emotional modulation seems to underlie both the placebo and nocebo responses. This conclusion is supported by the finding that the cholecystokinin agonist pentagastrin has been found to counteract placebo analgesia [59] . Thus, activation of cholecystokinin receptors, implicated in the induction of negative emotions, completely disrupted placebo analgesia.
WHY NOT A COMPENSATORY RESPONSE?
Administration of a drug may induce a disturbance to homoeostatic systems in the body, and signals of impending drug administration may elicit conditioned compensatory responses that counteract the drug response [61] . In one of the few human studies in this field, Flaten et al. [62] administered the muscle relaxant carisoprodol once per week for three weeks to healthy volunteers. Carisoprodol reduces blink reflex magnitudes, and tolerance was observed after repeated administration of carisoprodol, i.e. the drug had less inhibitory effects on blink reflex amplitudes. Flaten et al. [62] showed that conditioned stimuli that signalled carisoprodol administration increased blink reflexes, i.e. signals of carisoprodol administration, elicited a conditioned compensatory response. Cue-elicited drug-compensatory responses are suggestive of a homoeostatic mechanism: the effect of the drug represents a perturbation of homoeostatic levels, and physiological reactions that compensate for and reduce the drug response are elicited by the drug or stimuli that signal the drug [63, 64] .
Compensatory conditioned responses represent the opposite of placebo responses, and the question of why compensatory drug-antagonistic responses are sometimes observed, and under other circumstances drug-agonistic responses are seen has received much attention [65, 66] . One important difference is that placebo effects are observed when the placebo is administered to reduce a symptom, as is the case when pain is induced in healthy volunteers, and the placebo is administered with information that it reduces pain. Compensatory responses, on the other hand, are often observed when a drug has been administered but where a symptom has not been induced, as in Flaten et al. [61] . In the only brain-imaging study that has separated the effects of expectations from the effects of the drug, Gundersen et al. [67] administered a drink containing alcohol or placebo and crossed this with information that the drink contained alcohol or no alcohol. Information that the subjects received alcohol increased feelings of intoxication, replicating several previous studies [68] . Furthermore, alcohol decreased neural activation in the dorsal anterior cingulate cortex and in prefrontal areas, whereas expectation alone increased activity in the same areas. Thus, even when a placebo response was observed in the subjective response to alcohol, there was evidence of a compensatory response at the level of the central nervous system.
EVIDENCE NOT SUPPORTING THE HYPOTHESIS
There are findings indicating specificity in placebo responding that are not compatible with the hypothesis that placebo effects are due to general emotional changes. Benedetti et al. [69] and Montgomery & Kirsch [70] applied placebo cream to one extremity and not to others, and observed placebo analgesic responding only in the placebo-treated extremity. A placebo response involving only global changes in emotion cannot explain these results. However, at least one other study found that this procedure, in about one-third of the subjects, induced placebo responses in both extremities, and in one-third of the subjects induced placebo responses in only one extremity [13] .
Meissner [71] induced placebo responses in gastric function, and found that this was not accompanied by other responses in autonomic function or in subjective feelings of arousal. Thus, there are findings of specificity in placebo responses that are not compatible with a general mechanism for placebo responding.
Furthermore, there is evidence of opioid-insensitive placebo analgesic responses. Vase et al. [6] observed large placebo analgesic responses in a sample of patients with irritable bowel disease that were unaffected by naloxone administration and thus not mediated by endogenous opioid release. Similar conclusions were reached by Amanzio & Benedetti [72] who used several different painkillers as unconditioned stimuli in conditioning procedures. When opioid painkillers were associated with the ingestion of a pill, the subsequent placebo response to that pill was completely blocked by naloxone, suggesting that the placebo response was completely mediated by endogenous opioid release. However, when non-opiate painkillers were used as unconditioned stimuli, the placebo analgesic response was either partly blocked or unaffected by the administration of naloxone. Thus, some of these placebo responses were not mediated by endogenous opioid activity. The same conclusion was reached by Kupers et al. [73] in a study of a single patient over a period of 50 days. The patient displayed placebo responses of over 90 per cent pain reduction, which were unaffected by naloxone. Thus, placebo analgesic responses are, under some conditions, not mediated by endogenous opioid release. The role of emotional modulation for these placebo responses, however, has not been assessed. Placebo effects have been observed in the absence of reduced stress [7, 47] . In both these studies, pain was induced by the submaximum tourniquet technique where the pain stimulus is highly stressful. Placebo effects on pain intensity were small in these studies, and most importantly, stress was slightly but not significantly reduced after information that a painkiller had been administered. As the drug-related information did not reduce stress, an effect on pain should not be expected.
CONCLUSIONS
Administration of a placebo has been shown to reduce negative emotions. The reduction in negative emotions correlates with a reduction in pain. This hypothesis is further supported by findings that reduction in stress and induction of positive emotions increase opioid activity, a process similar to that underlying placebo analgesia. Participants who are fearful of pain do not display placebo responses, further suggesting that negative emotions are counteracting the placebo response. Behaviour that reduces stress and negative emotions is reinforced, and reinforcement is dependent on a dopaminergic midbrain system that has been found to be activated during placebo responding, although evidence is still scarce on the role of dopamine in placebo responding. Finally, the nocebo effect, the opposite of the placebo effect, is due to an increase in fear and anxiety.
On the other hand, a placebo may not be effective in reducing negative emotions if stress levels are high, as in individuals with high levels of fear of pain. Furthermore, findings of specificity in the placebo response are incompatible with the hypothesis that emotions mediate placebo responses. Thus, changes in emotions after administration of a placebo cannot explain the entire placebo effect.
Further research could focus on the role of positive emotions in placebo responses. It is not clear whether placebos induce or increase positive emotions, or reduces negative emotions. Studies are needed where it is possible to disentangle the causal role of emotions on pain. Furthermore, the relatively few studies performed until now have involved healthy participants, and studies involving patients are needed. Finally, the hypothesis that reduction in pain and negative emotions activates the dopaminergic reinforcement system needs more research.
